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Then, for ¯ z = g2 ¯ w, the composite pdf f ¯ Z(¯ z) from fQ(q) and
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where dq/dx = q(ln10/5). With a change of variables y2 =
(5log10 q)2/2σ2
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Abstract—Single-carrier transmission with frequency-domain equal-
ization (SC-FDE) offers a viable design alternative to the classic or-
thogonal frequency-division multiplexing (OFDM) technique. However,
SC-FDE using a linear equalizer may suffer from serious performance
deterioration for transmission over severely frequency-selective fading
channels. An effective method of solving this problem is to introduce
nonlinear decision feedback equalization (DFE) to SC-FDE. In this paper,
a low-complexity iterative DFE operating in the frequency domain of
single-carrier systems is proposed. Based on the minimum-mean-square-
error (MMSE) criterion, a simpliﬁed parameter estimation method is
introduced to calculate the coefﬁcients of the feedforward and feedback
ﬁlters, which signiﬁcantly reduces the implementation complexity of the
equalizer. Simulation results show that the performance of the proposed
simpliﬁed design is similar to the traditional iterative block DFE under
various multipath fading channels, but it imposes a much lower complexity
than the latter.
Index Terms—Decision feedback equalizer (DFE), iterative block DFE
(IBDFE), minimum mean square error (MMSE), single-carrier frequency-
domain equalization.
I. INTRODUCTION
Single-carrier (SC) transmission [1], [2] and multicarrier orthogo-
nal frequency-division multiplexing (OFDM) [3] are two main tech-
niques that have been widely used in recent years for broadband
high-rate wireless communication systems. Due to its ability to sup-
press intersymbol interference caused by multipath fading channels
using a single-tap frequency-domain (FD) equalizer, OFDM has been
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adopted in numerous wireless communication standards, such as
wireless local area networks [4], digital video broadcasting [5], and
the Third-Generation Partnership Project Long-Term Evolution (3GPP
LTE) [6]. However, high peak-to-average-power ratio (PAPR) [3] and
sensitivity to carrier offset and phase noise are some major problems
associatedwithOFDMsystems.SCtransmissionwithFDequalization
(SC-FDE) [1], [2] provides an attractive design alternative to OFDM
forbroadbandwirelesscommunications.Itavoidsusingcomplextime-
domain (TD) high-order equalizers in the case of channel dispersion
spanned over many SC symbols by applying single-tap FDE after the
discrete Fourier transformation (DFT). SC-FDE has a similar imple-
mentation complexity and performance to OFDM systems [7]. As an
added beneﬁt due to the low PAPR, SC techniques are more suitable
for uplink applications, which require energy-efﬁcient and low-cost
power ampliﬁers in handsets. SC-FDE has also been selected as one of
the alternative technical solutions in the IEEE 802.16 standard [8] and
has been adopted for the uplink of the 3GPP LTE [6].
FD linear equalization (FD-LE) of SC systems is proposed based
on the zero-forcing or minimum-mean-square-error (MMSE) criterion
in [9]. However, FD-LE suffers from signiﬁcant noise enhancement
for transmission over deep frequency-selective fading channels, which
may result in considerable performance degradation. An effective
method of overcoming the problems associated with FD-LE is to use
decision feedback equalizer (DFE). In [1] and [10], a hybrid equal-
ization architecture known as the SC-FDE-DFE is proposed for SC
systems, in which the FD-LE acts as feedforward equalizer, whereas
a TD transversal ﬁlter is adopted for feedback equalization. A similar
FD-DFEstructureusingTDnoisepredictionisgivenin[11].However,
a matrix inversion operation is required in the DFE structures of [1],
[10], and [11], where the order of the matrix depends on the number of
the taps in the TD feedback ﬁlter. This limits the length of the feedback
equalizer, which has considerable inﬂuence on the achievable
equalization performance. A soft-interference-cancellation-aided
MMSE equalizer is proposed in [12] for the SC cyclic-preﬁx (CP)-
based multiuser system, which is more general than the single-user
system considered in this paper. The work in [13] analyzes the
turbo FDE, where the channel decoder and an MMSE-based FD-LE
iteratively exchange information, which is beyond the scope of this
study.
In [14], an iterative block DFE (IBDFE) based on the MMSE
criterion is studied, in which both the feedforward and feedback ﬁlters
operate in the FD by using DFT and inverse DFT (IDFT) operations.
The matrix inversion required in the hybrid equalizer structures of [1],
[10], and [11] is thus eliminated. However, in each iteration of the
feedback, the cross-correlation function between the detected symbols
and the transmitted symbols has to be calculated. Furthermore, the es-
timation of the signal-to-noise ratio (SNR) is also needed. As a result,
the system complexity of the IBDFE is increased. In this paper, a low-
complexity iterative DFE operating in the FD and based on the MMSE
criterion is proposed as a design alternative to the IBDFE benchmark.
We introduce the variance of the decision errors at each iteration,
which is related to the symbol error rate (SER) at each iteration. By
adopting a predeﬁned SER value and an approximate SNR value,
the calculation of the ﬁlter coefﬁcients is considerably simpliﬁed. In
particular, the coefﬁcients of the feedforward and feedback equalizers
are only calculated once, and they do not need updating at each
iteration. This is in contrast to the IBDFE, which requires recalculating
the coefﬁcients of the two ﬁlters at each iteration. As a result, our
proposed scheme signiﬁcantly reduces the computational complexity
required, in comparison with the IBDFE. We demonstrate that our
scheme achieves the same equalization performance as the IBDFE;
furthermore, its bit error rate (BER) performance is not sensitive to the
predeﬁned SER and SNR estimates.
Fig. 1. System model of the IBDFE.
The rest of this paper is organized as follows: Section II introduces
the system model and the IBDFE benchmark [14]. Section III ﬁrst
analyzes the parameter calculations of the DFE structure based on
the MMSE criterion. Then, approximation to the parameter estima-
tion is proposed, and the complexity reduction of our simpliﬁed
design over the IBDFE is quantiﬁed. Our simulation results are
presented in Section IV, whereas our conclusions are provided in
Section V.
II. SYSTEM MODEL
Consider an SC block transmission system, where the serial bi-
nary data streams are mapped to the complex-valued symbol streams
with symbol rate fs according to the modulation mode. Then, the
symbol streams are grouped into information data blocks having a
length of M. We drop the block index and simply denote a data
block as {dm}
M−1
m=0. A known pseudorandom noise (PN) sequence
having the length of N, i.e., {εn}
N−1
n=0 , is inserted at the begin-
ning of the transmission frame as the preamble. Each information
data block is also concatenated with this PN sequence to form a
transmission block having the length of P = M + N, which is ex-
pressed as
s =[s0,s 1,···,s P−1]
T
=[d0,d 1,···,d M−1,ε 0,ε 1,···,ε N−1]
T. (1)
Assume that the maximum multipath delay spread of the channel is
shorter than N/fs and that the transmission data block s is ﬁltered
by the channel having the channel impulse response (CIR) h to yield
the received signal block r =[ r0,r 1,...,r P−1]T. Since the known
PN sequence in the previous block can be regarded as the CP of
the current transmission block by viewing the previous PN sequence
and the current block as a “virtual” block, r can be treated as the
circular convolution between the transmission data block and the
CIR. Let R =[ R0,R 1,...,R P−1]T, S =[ S0,S 1,...,S P−1]T,a n d
H =[ H0,H 1,...,H P−1]T be the P-point DFTs of r, s,a n dh,
respectively, and deﬁne W =[ W0,W 1,...,W P−1]T as the DFT of
the channel’s additive white Gaussian noise. Then, the FD received
signal becomes
Rp = HpSp + Wp, 0 ≤ p ≤ P − 1. (2)
The receiver structure of the IBDFE [14] is shown in Fig. 1,
which consists of the feedforward equalizer and the feedback ﬁlter.
Assuming that the equalizer iterates L times, the coefﬁcients of the
feedforward and feedback equalizers can be expressed as C(l) =
[C
(l)
0 ,C
(l)
1 ,...,C
(l)
P−1]T and B(l)=[B
(l)
0 ,B
(l)
1 ,...,B
(l)
P−1]T, respec-
tively, where l =1 ,...,Lis the iteration index. At the (l − 1)th iter-
ation, the equalized signal U(l−1) =[ U
(l−1)
0 ,U
(l−1)
1 ,...,U
(l−1)
P−1 ]T
is converted from the FD to the TD by the IDFT to yield u(l−1) =
[u
(l−1)
0 ,u
(l−1)
1 ,...,u
(l−1)
P−1 ]T. After the decision, the detected symbol
block ˆ s(l−1) =[ ˆ s
(l−1)
0 , ˆ s
(l−1)
1 ,...,ˆ s
(l−1)
P−1 ]T is generated, which is
then converted back to the FD by the DFT to produce ˆ S(l−1) =IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011 1297
[ˆ S
(l−1)
0 , ˆ S
(l−1)
1 ,...,ˆ S
(l−1)
P−1 ]T.Then,theequalizedsignalsrepresented
in the FD and the TD at the lth iteration are given by
U
(l)
p =C
(l)
p Rp + B
(l)
p ˆ S
(l−1)
p , 0 ≤ p ≤ P − 1 (3)
u
(l)
n =
1
P
P−1 
p=0
U
(l)
p e
j 2π
P pn, 0 ≤ n ≤ P − 1 (4)
respectively. The respective coefﬁcients of the feed-
forward and feedback ﬁlters derived in [14] are
given by
C
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p =
H∗
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S
	
1 −
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Sσ2
ˆ S(l−1)
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σ2
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HpC
(l)
p −
1
P
P−1 
k=0
HkC
(l)
k

(6)
where H∗
p denotes the conjugate of Hp; σ2
W and σ2
S are the FD powers
of the noise and transmission data block, respectively; σ2
ˆ S(l) is the
FD power of the detected symbols at the lth iteration; and ρS, ˆ S(l−1)
is the FD cross correlation between the transmitted data symbols
and the previous detected symbols, which is deﬁned by ρS, ˆ S(l−1) =
E[Sp(ˆ S
(l−1)
p )∗].
The noise power σ2
W in (5) has to be estimated. Furthermore, it is
clear that, in each iteration, the cross-correlation function ρS, ˆ S(l−1)
andthesignalpoweratthedetectionpointσ2
ˆ S(l−1) havetobeestimated
to recalculate the two ﬁlters’ coefﬁcients. The parameters ρS, ˆ S(l−1)
and σ2
ˆ S(l−1) can be estimated at each iteration according to
ρS, ˆ S(l−1) =
1
PS

p∈PS
Rp
Hp

ˆ S
(l−1)
p
∗
(7)
σ
2
ˆ S(l−1) =
1
PS

p∈PS



ˆ S
(l−1)
p




2
(8)
respectively, where PS is the cardinality of the set of frequencies S =
{p :1≤ p ≤ P and |Hp| >H TH}, whereas HTH is a given channel
gain threshold.
The computational complexity of the IDFT and DFT signal process-
ing associated with the IBDFE can be shown to be 2(P/2log 2 P +
P)L complex multiplications and 2LP log2 P + P(L − 1) complex
additions [15]. In addition
(6PS +7 P +4 ) ( L − 1) + 6P +3 M multiplications
(6PS +5 P − 2)(L − 1) + 5P +3 M − 4 additions (9)
are required by the IBDFE to compute the two ﬁlters’ parameters in L
iterations, where the so-called M2M4 SNR estimator of [16] is used
to estimate σ2
W with M data symbols.
III. PROPOSED DECISION FEEDBACK
EQUALIZATION ARCHITECTURE
In this section, the proposed DFE based on the MMSE criterion
is ﬁrst presented, followed by our simpliﬁed design method for the
associated parameter calculation.
A. Parameter Design
Let us express the FD feedback signal ˆ S(l−1) as
ˆ S
(l−1)
p = Sp +Ξ
(l−1)
p , 0 ≤ p ≤ P − 1 (10)
where Ξ
(l−1)
p denotes the FD decision error between the transmitted
symbol Sp and the detected symbol ˆ S
(l−1)
p in the (l − 1)th iteration,
which has a variance σ2
Ξ(l−1). Then, we have
U
(l)
p = C
(l)
p Rp + B
(l)
p

Sp +Ξ
(l−1)
p

. (11)
At the lth iteration, the mean square error (MSE) at the decision point
is given by
MSE
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1
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E

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2
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Substituting (11) into (12) leads to
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(13)
where  [•] denotes the real part, and Γ(l−1) = E[Sp(Ξ
(l−1)
p )∗].
The MMSE solution for C
(l)
p and B
(l)
p is obtained by minimizing
the MSE, i.e., MSE
(l)(C(l),B(l)) of (13), under the constraint of [14]
P−1 
p=0
B
(l)
p =0 . (14)
Let us construct the Lagrangian associated with this constrained
optimization
f

C
(l),B
(l),λ
(l)
=MSE
(l)
C
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+λ
(l)
P−1 
p=0
B
(l)
p (15)
where λ(l) is the Lagrange multiplier. By setting the gradients of
f(C(l),B(l),λ (l)) with respect to C
(l)
p , B
(l)
p ,a n dλ(l) to zero, respec-
tively, we have
∂f

C(l),B(l),λ (l)
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∂f
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From (17), the parameters B
(l)
p can be expressed as
B
(l)
p = −

C
(l)
p Hp − 1

σ2
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+ P 2λ(l)
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(19)
with p =0 ,1,...,P − 1. When using (18), (19) can be rewritten as
B
(l)
p = −
σ2
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σ2
S +2  [Γ(l−1)]+σ2
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C
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p Hp − γ
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(20)
with p =0 ,1,...,P − 1,a n d
γ
(l) =
1
P
P−1 
m=0
C
(l)
m Hm. (21)
By substituting (20) into (16), the parameters C
(l)
p can be expressed as
C
(l)
p =

σ2
S − |σ2
S+Γ(l−1)|
2
σ2
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
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
σ2
S − |σ2
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2
σ2
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
|Hp|2
(22)
where p =0 ,1,...,P − 1. By combining (21) and (22), we have
γ
(l)=σ
2
SΦ
(l)
	
1+

 
σ2
S+Γ(l−1)
 
2
σ2
S +2  [Γ(l−1)]+σ2
Ξ(l−1)
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(23)
where
Φ
(l)=
1
P
P−1 
p=0
|Hp|2
σ2
W +

σ2
S − |σ2
S+Γ(l−1)|
2
σ2
S+2 [Γ(l−1)]+σ2
Ξ(l−1)

|Hp|2
. (24)
Based on (20)–(24), we can see that the estimates of the parameters
σ2
W, σ2
Ξ(l−1),a n dΓ(l−1) are required at each iteration, whereas σ2
S
is a known value that is determined by the symbol constellation
employed. Speciﬁcally, the FD power σ2
S of the transmitted symbols
is related to the TD power σ2
s = E[|sn|2] of the TD transmitted signal
{sn}
P−1
n=0 by
σ
2
S = E

P−1 
n1=0
sn1e
−j 2π
P n1p
P−1 
n2=0
s
∗
n2e
j 2π
P n2p

= Pσ
2
s. (25)
We now consider how to effectively estimate σ2
Ξ(l−1), Γ(l−1),a n dσ2
W
or SNR.
B. Parameter Estimation
Estimation of σ2
Ξ(l−1): The power of the decision errors σ2
Ξ(l−1)
is determined by the modulation mode and the SER. For Gray-coded
quadrature amplitude modulation (QAM), the estimation of σ2
Ξ(l−1)
can be determined as follows: At low SERs, we assume that the
decision error will always corrupt the decision into one of the adjacent
symbols, which implies that only one of the in-phase or quadrature
components will be erroneous [17]. Accordingly, σ2
Ξ(l−1) of different
QAM schemes can be expressed as
σ
2
Ξ(l−1) = βσ
2
SP
(l−1)
s (26)
where β =2 ,2/5 and 2/21 for 4QAM, 16QAM, and 64QAM, re-
spectively, and P
(l−1)
s denotes the SER at the (l − 1)th iteration. To
simplify the computational requirements, we assume that the SER
at each iteration remains approximately unchanged, and we further
ﬁx P
(l−1)
s in (26) to a predeﬁned SER value Ps,pre. Note that, to
successfully apply decision feedback, the initial SER of the linear
equalizer should be below a certain threshold. The value of Ps,pre may
be chosen according to this threshold.
Estimation of Γ(l−1): The estimation of Γ(l−1) is also related to
the modulation mode and the SER. From the Cauchy inequality, it is
clear that
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. (27)
Let {ξ
(l−1)
n }
P−1
n=0 represent the TD decision errors, where we have
Ξ
(l−1)
p =
P−1 
n=0
ξ
(l−1)
n e
−j 2π
P np, 0 ≤ p ≤ P − 1. (28)
Then, E[|Ξ
(l−1)
p |2] can be expressed as
E



Ξ
(l−1)
p



2
=E
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n2=0
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(l−1)
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−j 2π
P (n1−n2)p

=PE

 
ξ
(l−1)
n

 
2
. (29)
Based on the previously stipulated assumption that the decision
error always corrupts a symbol to one of the adjacent symbols, it
becomes clear that the TD decision error signal only has four possible
values, i.e., ±α and ±jα, with α being the horizontal or vertical
distance between adjacent symbols. This implies that E[|ξ
(l−1)
n |2]=
P
(l−1)
s α2. Therefore, (29) can be rewritten as
E

 
Ξ
(l−1)
p

 
2
= PP
(l−1)
s α
2. (30)
Note that the TD signal power is σ2
s = α2/β. From (25), (27), and
(30), we have

 
Γ(l−1)
 

σ2
S
<

PP
(l−1)
s ασS
σ2
S
=

P
(l−1)
s
α
σs
=

βP
(l−1)
s . (31)
On the other hand, the SER at the detector’s output should normally
be less than 0.1 so that the DFE can reliably detect the receivedIEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011 1299
signal. This level of the SER value can normally be achieved by the
initial linear equalization. This means that

βP
(l−1)
s   1. Thus,
(31) indicates |Γ(l−1)| σ2
S, and we have the following approximate
relations:
σ
2
S +Γ
(l−1) ≈σ
2
S (32)
σ
2
S +2  

Γ
(l−1)
≈σ
2
S. (33)
Estimation of Noise Power: For the given constellation mapping,
there exists an SNR threshold above which the receiver becomes
capable of meeting the target performance requirement. Therefore, we
could use this predeﬁned SNR value SNRpre and approximate σ2
W by
σ
2
W ≈ σ
2
S · SNR
−1
pre. (34)
C. Low-Complexity DFE Architecture
We are now ready to derive our simpliﬁed design. First, noting (26),
we have σ2
Ξ(l−1)   σ2
S. Furthermore, upon setting P
(l−1)
s = Ps,pre,
we arrive at
σ2
S
σ2
S + σ2
Ξ(l−1)
=
1
1+βPs,pre
≈ 1 (35)
σ2
Ξ(l−1)
σ2
S + σ2
Ξ(l−1)
≈
σ2
Ξ(l−1)
σ2
S
= βPs,pre (36)
where we have β =2 ,2/5 and 2/21 for 4QAM, 16QAM, and
64QAM, respectively.
Inserting the results of (32)–(36) into (24), we have
Φ=σ
2
SΦ
(l−1) ≈
1
P
P−1 
p=0
|Hp|2
SNR
−1
pre + βPs,pre|Hp|2. (37)
Similarly, (23) can be approximated as
γ = γ
(l) ≈
Φ
1+Φ
. (38)
Finally, the coefﬁcients of the feedforward and feedback ﬁlters in (20)
and (22) can be approximated as
Cp =C
(l)
p ≈
(1 − γ)H∗
p
SNR
−1
pre + βPs,pre|Hp|2 (39)
Bp =B
(l)
p ≈− (CpHp − γ). (40)
It is seen from (37)–(40) that, in this simpliﬁed FD-DFE, the pa-
rameters of the feedforward equalizer and feedback ﬁlter can be kept
unchanged in each iteration based on the estimated channel frequency
response. Therefore, we only have to compute these parameters once
and do not have to update them at each iteration, as the IBDFE does.
This will signiﬁcantly simplify the implementation of the equalizer,
reducing its complexity.
Speciﬁcally, since the system structure of Fig. 1 is also adopted
for the proposed FD-DFE, the computational complexity of the IDFT
and DFT signal processing imposed on the proposed FD-DFE is
the same as that of the IBDFE. However, the parameter calculations
of our architecture recorded for L iterations are beneﬁcially simpli-
ﬁ e dt ob e
12P +1multiplications, 8P additions. (41)
Fig. 2. BER performance of the proposed DFE for the SUI-4 channel. The
preset parameters are SNRpre =1 0dB and Ps,pre =0 .1.
Compared with the computational complexity of the IBDFE given in
(9), we can see that considerable computational savings are achieved,
especially for a high number of iterations. We will demonstrate in
the following simulation study that the performance of our simpliﬁed
scheme is not sensitive to the choices of Ps,pre and SNRpre and that
our low-complexity algorithm achieves the same BER performance as
the IBDFE.
IV. SIMULATION STUDY
The performance of the proposed low-complexity iterative FD-DFE
was evaluated by simulations, using the IBDFE as the benchmark.
Uncoded 4QAM modulation was used with the symbol rate fs =
3 MSymbols/s, and the size of the DFT was set to P =1 2 8 .T w o
typical multipath fading channels were chosen, i.e., the Standford
University Interim 4 (SUI-4) channel model [18] and the International
Telecommunication Union (ITU) Vehicular A (ITU V-A) channel
model [19]. Since the maximum delay spreads of these two channels
were equal to the durations of 12 and eight symbols, respectively,
N =1 6was used for the PN extension. The synchronization and
the channel estimation were assumed to be ideal. The coefﬁcients
of the feedforward and feedback equalizers were computed based
on (37)–(40), and we used SNRpre =1 0dB and Ps,pre =0 .1.T h e
results were obtained by averaging over 100 channel realizations in
each case.
The BERs of the proposed iterative DFE recorded for iterations of
1–4 under these two multipath fading channels are shown in Figs. 2
and 3, respectively. The achievable performance under the error-free
decision feedback is also provided for comparison (labeled as “ideal”).
The result of the ﬁrst iteration corresponds to the MMSE-based FD-LE
(MMSE-FD-LE). From Figs. 2 and 3, we note that the second iteration
yields a signiﬁcant performance gain, compared with the MMSE-FD-
LE. For example, under the SUI-4 channel, an SNR gain of about
2 dB can be achieved at the BER level of 2 × 10−5, compared with
the MMSE-FD-LE, whereas the gain is about 2.3 dB at the BER
level of 3 × 10−4 for the ITU V-A channel. For both channels, three
iterations were sufﬁcient for the proposed DFE to converge since
further iterations provided almost no gain, which is similar to the
trends observed for the IBDFE [14]. Compared with the results of ideal
error-free feedback, the performance loss at iteration 3 is about 0.8 dB
for the SUI-4 channel at BER =2× 10−5 and about 1.8 dB for the
ITU V-A channel at BER =3× 10−4, respectively. Fig. 4 compares
the BER of the proposed low-complexity DFE with that of the IBDFE
for the two channels. For simplicity, only the BER performance of
the third iteration was recorded, as three iterations are sufﬁcient for1300 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011
Fig. 3. BER performance of the proposed DFE for ITU V-A channel. The
preset parameters are SNRpre =1 0dB and Ps,pre =0 .1.
Fig. 4. BER performance comparison of the proposed low-complexity DFE
and the IBDFE benchmark for both the SUI-4 and ITU V-A channels. The
preset parameters for the low-complexity DFE are SNRpre =1 0 dB and
Ps,pre =0 .1.
both equalizers. It can be seen in Fig. 4 that the proposed reduced-
complexity DFE has similar performance to the IBDFE for both fading
channels. More explicitly, the proposed simpliﬁed algorithm shows
almost no performance degradation yet imposes a signiﬁcantly lower
computational complexity than the IBDFE benchmark.
Therobustnessoftheproposedlow-complexityDFEtotheaccuracy
of Ps,pre and SNRpre used was demonstrated in Figs. 5 and 6. In
Fig. 5, the BER performance is shown for Ps,pre=0.15,0.1,and0.05,
respectively, while ﬁxing SNRpre=10dB. By contrast, given the ﬁxed
value of Ps,pre=0.1, Fig. 6 shows the BER performance obtained
for SNRpre=8 dB,10 dB,and 12 dB, respectively. Again, only the
BER curves corresponding to the third iteration were used. The results
obtained clearly conﬁrm that the proposed low-complexity FD-DFE
is insensitive to the choices of Ps,pre and SNRpre values. These two
values may be ﬂexibly chosen for the given modulation scheme ac-
cording to an expected minimum performance requirement. To further
demonstrate the robustness of the proposed low-complexity FD-DFE
to these two preset parameters, we plot the BER performance as the
function of Ps,pre and SNRpre for both channels in Fig. 7, given the
SNR value of 10 dB.
V. C ONCLUSION
We have proposed a low-complexity iterative DFE for SC wire-
less systems that operates in the frequency domain based on the
Fig. 5. BER performance of the proposed low-complexity DFE with different
Ps,pre values and given SNRpre =1 0dB for both the SUI-4 and ITU V-A
channels.
Fig. 6. BER performance of the proposed low-complexity DFE with different
SNRpre values and given Ps,pre =0 .1 for both the SUI-4 and ITU V-A
channels.
Fig. 7. BER performance of the proposed low-complexity DFE as a function
of Ps,pre and SNRpre for both the SUI-4 and ITU V-A channels, given the
SNR value of 10 dB.IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 60, NO. 3, MARCH 2011 1301
MMSE criterion. The parameters of the feedforward and feedback
equalizers in our simpliﬁed design only have to be computed once,
rather than updating them in each iteration. This facilitates a simpler
hardware implementation as a beneﬁt of its reduced computational
complexity, in comparison with the IBDFE. Our simulation results
have shown that the performance of this low-complexity FD-DFE
is similar to that of the conventional IBDFE benchmark under dif-
ferent multipath channels. The robustness of the proposed simpliﬁed
design to the design parameters SNRpre and Ps,pre has also been
conﬁrmed.
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Performance of a Concurrent Link SDMA MAC Under
Practical PHY Operating Conditions
Pengkai Zhao, Babak Daneshrad, Ajit Warrier,
Weijun Zhu, and Oscar Takeshita
Abstract—Space division multiple access (SDMA)-based medium ac-
cess control (MAC) protocols have been proposed to enable concurrent
communicationsandimprovelinkthroughputinmulti-input–multi-output
(MIMO) ad hoc networks. For the most part, the works appearing in the
literature make idealized and simplifying assumptions about the under-
lying physical layer and some aspects of the link adaptation protocol. The
result is that the performance predicted by such works may not necessarily
be a good predictor of the actual performance in a fully deployed system.
In this paper, we look to introduce elements into the SDMA-MAC concept
that would allow us to better predict their performance under realistic
operating conditions. Using a generic SDMA MAC, we look at how the
network sum throughput changes with the introduction of the following:
1) use of the more practical MMSE algorithm, instead of the zero-forcing
or singular-value-decomposition-based nulling algorithms used for receive
beamnulling; 2) impact of channel estimation errors; 3) introduction of
link adaptation mechanism speciﬁcally designed for concurrent SDMA
MACs; and 4) incorporation of TX beamforming along with RX beam-
nulling. Following on the transmission window during which concurrent
transmissions are allowed by the MAC, we qualify the impact of each of
these four elements in isolation. At the conclusion, the performance of a
system that incorporates elements 1–4 is presented and compared against
the baseline system, showing an improvement of up to ﬁve times in the
overall network sum throughput.
Index Terms—Concurrent communications, medium access control
(MAC), multi-input–multi-output (MIMO), space division multiple access
(SDMA).
I. INTRODUCTION
Networks of multi-input–multi-output (MIMO) enabled nodes
can use advanced eigenbeamforming and beamnulling techniques
to enable concurrent communications and increase overall network
throughput. This technique is loosely referred to as space division
multiple access (SDMA), and several medium access control (MAC)
protocols have appeared in the literature that can deliver concurrent
transmissions in an ad hoc network of multiantenna MIMO enabled
nodes [1]–[5].
Although SDMA and concurrent links have been well studied in
cellular networks (see [6] and the references therein), it is still a
challenging problem in ad hoc networks. Initially, SDMA and con-
current links were utilized in ad hoc networks via a simple abstract
model called degree of freedom (DOF) [7], [8]. This model uses the
number of antennas to represent the number of concurrent links in the
network. It assumes that the concurrent links are perfectly separated
and do not interfere with one another. As such, the DOF model
ignores all physical (PHY) layer impairments. At the same time, using
TX/RX beamforming, the SPACEMAC, MIMAMAC, and NullHoc
protocols [1]–[5] have been proposed to support concurrent links in
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